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ABSTRACT
A new impact probe was developed to study the particle 
distribution in an air fluidized bed. The cylindrical probe 
design was based on the piezoelectric effect of a crystal, A 
specially designed electronic circuit with a built-in sensi­
tivity control enabled the probe to be used with particles of 
different sizes and densities, A simple pitot static tube was 
used to measure the fluid velocity distribution.
Experiments were conducted to test the impact probe and to 
study the particle and fluid velocity distributions in an air 
fluidized bed. Spherical glass particles(3mm dia,) were flui­
dized in a glass column of 4" internal dia. Three different 
heights above the bed support and nine radial traverses at 
different angular positions with several radial positions for 
each angle were investigated. The whole procedure was repeated 
for three different flow rates.
The air velocity profiles were found to be flat over almost 
the whole cross sectional area and could be fitted with a power 
law model, X = 1- § , with exponent varying from 1/12 to
V g  K
1/25, Some interesting trends were observed in tl^^r^ial part­
icle distribution but no generalised conclus ions ,^ ca^  be drawn 
without further experimental verification. The normalized 
radial particle distribution showed more than one maximum, 
thus excluding the use of a simple power law correlation.
However, it is postulated from a detailed study of the plots 
C* vs R* and visual observations that particles flow upwards in
iii
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an annular core and in an annular ring with flow downwards 
mainly near the wall.
iv
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I.INTRODUCTION
Particulate technology, a comparatively new branch of 
science, has found extensive applications in many fields, 
significantly in reaction engineering. This branch of 
science,as it is known today,is concerned mainly with the 
study of particles and fluids to achiêvè chemical and 
physical operations like catalytic reactions, mixing and 
solids classification. The solid-fluid contact may occur in 
many ways. The fluid may flow past the stationary particles 
(packed bed)? the fluid and particles may flow cocurrently 
or countercurrently with the particles being supported by 
direct contact of particles below(moving bed)? an intermediate 
arrangement comprising some of the aspects of moving bed 
and fluidized bed may also be achieved(spouted bed). By far 
the most popular method, however, is the fluidized bed which 
offers some unique advantages such as better temperature 
control, continuity of operation and better heat transfer 
rates,
Fluidization came into prominence in the 1940*s. Its first 
large scale use was in the petroleum industry in catalytic 
cracking operations,Since then its use has spread to most of 
the large chemical,metallurgical and nuclear fields, Fluidi­
zation as the name denotes,is the technique of imparting 
some of the properties of fluids to solid particles (1).
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When a stream of fluid is introduced uniformly across the 
base of a layer of unrestricted particles and the flow is 
increased one of the following will occur? the bed may exp­
and by allowing the fluid to flow past the particles without 
developing any pressure in excess of bed weight or the fluid 
may pass through the bed in the form of pockets. Thus 
fluidization may be classified into particulate(mostly 
liquid-solid system) and aggregative(gas-solid system) 
depending upon the absence and presence of gas pockets 
respectively.
Current interest is in the understanding and explanation 
of the hydrodynamic behaviour of various shades of aggregation, 
Many attempts have been made to explore the internal behaviour 
of a fluidized bed. The results obtained by many different 
probing techniques have thrown some light on the basic nature 
of aggregation in a fluidized bed,The results, however, far 
from satisfying the inquisitive researchers, warrant the 
development of a method of measurement that will give 
reliable and unambiguous readings without affecting the true 
hydrodynamic behaviour of the fluidized bed.
The present investigation was started with a limited 
objective of developing a new method of measuring the 
particle distribution in an air fluidized bed without 
altering its hydrodynamic characteristics. The impact probe 
developed and used during this investigation was based on 
the piezoelectric effect of a crystal. The work was further 
extended to the measurement of fluid velocity distribution
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3by means of a simple pitot-static tube. The radial 
distribution of spherical glass particles(3 mm dia.) and 
air velocity were measured in a glass pipe(4 inch int.dia,) 
at three axial positions for several air flow rates,.
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II. LITERATURE REVIEW
Despite the large, and ever increasing, list of 
publications on many aspects of fluidization its fundamental 
behaviour is yet to be understood. However, lack of space 
necessitated limiting this review to a few selected papers.
It is not unusual to find discrepancies among the results of 
the experiments carried out to measure heat transfer coeffi­
cients and other pertinent information in a fluidized beds. 
Inconsistencies in the published papers may generally be 
attributed to the fact that the parameters affecting the 
quality of fluidization are numerous and complex. Hence, 
any attempt to formulate a single model to test fluidization 
should be restricted to that particular data for which it is 
applicable? extrapolation to extend the model to include 
other data is futile,
Fluidized bed behaviour has been investigated by a 
variety of techniques, A brief survey of the work done so 
far in this field justified the need for the present inves­
tigation which is concerned with the development of a new 
experimental technique. The present technique for measuring 
the local particle distribution is based on the piezoelectric 
effect of a crystal.
The use of the piezoelectric effect of a crystal, however, 
is not new in the study of fluidization. Gerald(2) used a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
piezoelectric crystal to transmit the impacts of particles on 
a cellophane diaphgram placed inside the bed. His results 
have showed the existence of rapidly changing porosities at 
different points in the bed. The electrical potential 
developed in the crystal by the impacts of particles was 
amplified and recorded. The cellophane diaphgram was stretched 
over a 2" diameter steel ring of thickness. This was used 
in a fluidizing column of 4" diameterThe surface of the 
column was grounded to avoid the inherent effects of static 
electricity on the true nature of particle distribution. 
Nevertheless Gerald's design of the device , apart from dis­
turbing the true nature of the bed, tends to average out the 
smaller impacts by balancing them with the secondary vibrations 
of primary impacts, Bordet et.al. (3) have also employed the 
piezoelectric effect of a crystal to study the kinetic energy 
distribution of particles in a fluidized bed.
Of the various other techniques used to explore the 
internal behaviour of the bed, the most popular method has 
been the use of capacitance probes. This method, first developed 
by Morse and Ballou ( 16 ) , is based on the large
difference in dielectric constants between the fluidized 
particles and the fluidizing medium. The capacitance measured 
between two condenser plates,, which form the probe, is pro­
portional to the mass and dielectric constant of the material 
between the plates. Though the capacity may depend upon the 
way in which the particles are oriented between the plates
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6this effect has been assumed negligible. Further this 
method is restricted to materials of low electrical 
conductivity.
Many Investigators have designed and used different 
shapes and sizes of probes based on the capacitance method. 
The experimental results obtained by this method, notably 
by Bakker and Heertzes (5) show the existence of three 
distinct zones* a sieve effect zone near the bed support, a 
zone of constant porosity reaching up to the initial bed 
height at incipient fluidization and a third zone at the top 
with increasing porosity, A serious criticism of this experi­
mental set up is due to the neglect of the interfering 
effect of the electrostatic field. The interference could 
have been eliminated by grounding the column wall. The 
extent of the influence caused by the lack of grounding 
during the experimental measurements using a capacitance 
probe may be catastrophic to the whole effort.
The significance of the elimination of the electrosta­
tic potential can be better appreciated if one recalls the 
strikingly similar results obtained by Kisel* nikov 
et,al, (6) They also observed three distinct zones while 
measuring the electrostatic potential along the axis of the 
bed; a region next to the bed support with increasing poten­
tial, a middle zone where the potential was maximum and 
almost constant with respect to height and finally a top 
zone with rapidly decreasing potential. This result leads 
one to speculate that the same number of particles with diff­
erent electrostatic charges will give different capacitance
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
readings. Hence, the so called isopores (lines connecting 
points of equal porosity) obtained by Bakker and Heertzes (5) 
are in fact lines connecting the points of equal capacitance 
and cannot be considered as true isopores.
Capacitance changes were measured by many other(5,7,16,17) 
investigators with different results, Lanneau (7) by 
using this technique reported uniform porosity near the top 
and bottom of the bed at all conditions. He also found a 
two phase character to be predominant at the lower gas 
velocities and smaller bubbles of higher relative density 
(i.e. bubbles containing greater percentage of total solids) 
at higher velocities. In many of the studies point density 
measurement readings were obtained by electronic integration 
of the capacitance probe signal. The notable conclusion by 
Lanneau (7 ) was the contradiction of the so called two phase 
theory of Toomey and Johnstone (8) and others. According to 
this theory a fluidized bed consists of two different phases.
The first phase consists of particles in a state of minimal 
fluidization. The second phase known as the discontinuous phase 
consists of all the excess gas above the minimum required for 
incipient fluidization that breaks through the bed,hardly 
contacting the particles,
Reiss (9) developed a method of measuring the mean value of 
porosity in a fluidized bed by passing a light beam through the 
bed and measuring the emerging light by means of a photocell.
This technique can be successfully used in very dilute suspensions 
when measuring the overall properties in a fluidized bed. The 
light transmission method has been used with slight modifications
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8by many other investigators (20,21)
Another popular technique involves X-ray or gamma ray 
attenuations. This method can be used to measure only the 
average properties within a fluidized bed. Many investigators(4,10 
12,13,14,15,22,23)favoured this method because this procedure 
does not introduce an alien body within the bed with a resulting 
disturbance of the true nature of the fluidized bed. Application 
of this technique is based on the fact that radiation from a ' 
radioactive source is attenuated by the bed depending upon the 
local bed density. This attenuation is given by
•*•0
where 1^6 I are incident and transmitted radiations and/^m is 
the mass absorption coefficient of the material,! & f  are the 
internal diameter of the column and bulk density of the bed.
Some investigators using this technique showed the solid 
concentrations to Increase radially from the center to the wall. 
Fan et,al,(ll)showed a relatively constant porosity at the 
lower portion of the bed and a rapidly decreasing porosity at 
the top of the column, El Halwagi et,al,(4) used Geimma-ray 
attenuation to measure phase concentrations. They tried to 
determine the point distribution and then determining the poly­
nomial coefficients from the measured mean path concentra­
tions, The notable result obtained by this investigation is 
the existence of axial symmetry. The results also show higher 
particle concentration near the wall with the lowest
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
concentration at the center and fairly constant porosity 
near the bed support,
Grek and Kisel'nikov (25) reported the axial porosity 
profile to consist of three different zones as reported by 
Bakker and Heertzes(5,24), They used an acoustic method, 
which is based on the absorption of sound waves, to deter­
mine the internal behaviour of the bed. Pressure drop 
fluctuations, apparent viscosity and high speed photography 
measurements have also been made to help us understand and 
predict the various shades of aggregation in a fluidized 
bed.
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III.THEORETICAL CONSIDERATIONS
Since chemical kinetics, heat and mass transfer in fluidi­
zed beds are functions of the flow pattern of both the fluid 
and the solid a working knowledge of the mechanics of fluidi­
zation should improve design procedures. However, the complex 
nature of the forces acting on a multiparticle system makes it 
too difficult to treat the topic from a purely theoretical 
standpoint. Hence the analysis of single particle dynamics, 
which lends itself to theoretical as well as experimental con­
siderations, should be the foundation for the study of complex 
multiparticle suspensions. It should be borne in mind that the 
effect of different forces acting on each particle in a multi­
particle system is not the same as that acting on a single 
suspended particle. For example the forces acting on a single 
particle in a multiparticle system are affected by the voidage 
near the particle.
When a single particle is stationary in a column through 
which a rising fluid flows past the particle, the forces acting 
on the particle must be in equilibrium; i,e., the sum of the 
drag and buoyancy forces must be equal to the gravitational 
force:
(Drag force) + (Buoyancy force) = (Gravitational force)
The extension of single particle theory to explain the fluid 
mechanics of a fluidized bed, however, is not possible. Apart 
from the existence of the so called bubbles, the causes for the 
complex nature of the forces are continuously changing and
10
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present a nebulous image. For example, Wicke and Hedden (19) 
while calculating the tendency to form nonuniformities between 
air and water fluidized beds neglected the interactions between 
the particles and found not much difference between air and 
water fluidized beds. These authors also observed some of the 
characteristics of gas fluidized beds, such as formation of 
channels and cohesion between particles, when fluidizing sharp 
angled particles ( splinters ) with water.,
Apart from the hydrostatic forces the most significant force 
in a multiparticle system which may affect the characteristics 
and hence the perfomance of a fluidized bed is the electrostatic 
force, Altough it has been observed that colliding particles 
become charged with static electricity, the mechanism of 
elctrification is yet to be understood. It has been postulated, 
however, that after particles collide, a pair of oppositely 
charged particles may form. Their behaviour depends on the 
joint action of hydrodynamic(fluid mechanics) and electrostatic 
(couldmb) forces. These forces act in opposition to each other 
(the hydrodynamic forces favoring separation and electrôstatic 
forces favoring cohesion).
The electrostatic(cohesive) force, by causing agglomeration 
deteriorates the quality of fluidization. Hence in attempting 
to determine the quality of fluidization by measuring the 
particle distribution, care must be taken to avoid or eliminate 
the effect of electrostatic forces.
The nature of fluidization varies widely depending upon the 
initial bed height and the difference in densities between the 
fluidizing medium and the fluidized particles. Aggregative
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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fluidization, predominantly in the gas-solid system, is 
characterized by the,so called bubbles also known as cavities, 
The presence of these cavities presents more difficulties in 
measuring the quality of fluidization. Hence the instantaneous 
measurement of the bed density can give some reliable infor­
mation on the frequency of bubble formation but statistical 
average techniques are required for meaningful interpretation 
of internal bed behaviour.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
IV, EXPERIMENTAL SET UP AND PROCEDURE
The fluidization experiment was conducted in a column 
constructed from several glass pipe sections. The height and 
the nominal diameter of the column were 11' and 4" respectively. 
Air, from a blower, was used as the fluidizing medium. The 
probing devices, which were used to count the particles and 
measure the fluid velocity, were housed in the test section.
The general set up is shown in Fig.l, The details of the set 
up will be clarified by treating the flow distribution, test 
section, probes and instrumentation separately,
A, Flow Distribution
Air flow to the test section from a centrifugal blower 
(rating 600 c.f.m. and 7,25 b,h,p, motor) was regulated by 
manipulating valve V^ and valve V2 , A calibrated venturi 
nozzle with taps connected to an inclined manometer was used 
to measure the air flow rate. The venturi insert in the line 
was preceded by about 60" of straight pipe line to assure 
streamline flow and accurate flow measurement. Deflecting 
baffles were used at the elbow, where the direction of air 
flow changed from horizontal to vertical. Further, a 3/4" 
layer of Berl saddles was used just below the screen distri­
butor, This ensured a more uniform flow of air at the entrance 
of the fluidizing column. The bed support consisted of a 40 
mesh wire screen supported by a standard diagonal lattice
13
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15
perforated! metal sheet with openings. The column was 
constructed from glass sections of different lengths. This 
enabled placement of the test section at different levels above 
the bed support, and measurements of particle and fluid velocity 
distributions at different heights of the fluidized bed,
3, Test Section
The test section was 13“ high and 4" in internal diameter. 
Cylindrical aluminum sections (internal dia,4" and l)g“ long) 
were cemented at either end of a 9“ long glass section of the 
same diameter. The extreme ends of the section were
threaded and connected to aluminum flanges. The flanges were of 
the screwed joint plain face type. This facilitated rotation 
of the test section about the axis. Two aluminum bars were 
attached to the cylindrical aluminum components to reinforce 
the test section. One of the bars acted as a support for the 
traversing mechanism. The details of the traversing mechanism 
are shown in Fig,2, The probes were arranged so that their 
tips faced in opposite directions. The traverse which held 
the probes was designed to facilitate location of either probe 
tip in the upstream direction, A simple gland arrangement on 
the support bar, adjacent to the glass pipe of the test section, 
acted as a plug as well as a support and guide for the stems of 
the probes. An indicator affixed to the sliding part of the 
traverse glided over a scale. This arrangement made it possible 
to place the probes at any desired point along the diameter 
of the column with an accuracy of 0,0156",
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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C. Details of the Probes,
The object of the present investigation was to make 
intensive studies of the internal bed behaviour, A knowledge 
of the particle.and fluid distributions would aid in the 
understanding and explanation of the quality of fluidization. 
The measurements, however, should be made without disturbing 
the true nature of the bed. Hence, to minimize the inherent 
defect of introducing an alien body within the bed, it was 
decided to use two different probes of similar shapes and 
sizes for the measurements. A simple pitot static tube was 
used to measure the air velocity at different points. The 
impact probe developed for the measurement of particle 
distribution was smaller than any that had been used previously. 
The impact probe was very reliable.
The impact probe was based on the principle of piezoelectric 
effect of a crystal. A piezoelectric material is one that 
exhibits a displacement of electrical charge on the application 
of an external strain. Hence, by using a piezoelectric crystal 
mechanical strain caused by the impact of particles on the 
probe can be converted into electric signals.
Though 10% of the natural crystals exhibit piezoelectric 
properties (Rochelle salt,Quartz are some of the commercialy 
popular piezoelectric materials), they are very sensitive to 
humidity. Absorption or desorption of water alters their 
piezoelectric properties. Ceramic crystals, however, are not" 
very sensitive to normal fluctuations in temperature and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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humidity. Polycrystalline ceramic materials consisting 
predominantly of a base of Barium Titanate can be fabricated 
in the presence of an external field so that the individual 
particles can be oriented. The resulting compact exhibits a 
piezoelectric property, although BaTiOg , as such, is not 
piezoelectric but ferroelectric,
A dual element ceramic crystal taken from a stereo cartridge 
was selected for the probe construction. It had a linear 
frequency response up to 20,000 cycles per second. Details of 
the probe construction are shown in Fig,3, The crystal was 
placed inside an insulated stainless steel capsule. This 
capsule was attached to a 1/8" stainless steel tube bent in 
the form of a pitot tube. The design was such that any 
particle hitting the probe would generate an electric pulse.
An ultra thin, low noise, coaxial cable used as the lead 
wire was passed through the stainless steel tube,
D, Instrumentation,
The electrical output of the probe was in the 15-50 
millivolt range depending upon the velocity and angle of 
incidence of the particles. The relatively low voltwge 
signals from the probe and the noise due to the fluidizing 
air gushing past the probe necessitated the incorporation 
of a specially built electronic circuit in the instrumentation 
system.
The schematic diagram of the electronic circuit is shown 
in Fig,4, The circuit consisted of a two stage amplifier.
The first stage amplifier had a variable resistance ( 10 K
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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potentiometer) which served as a sensitivity control. This 
sensitivity control increased the versatility of the impact 
probe by making it adaptable to particles of different sizes and 
densities, A Schmidt trigger was included in the circuit to 
shape the signals into square waves for further processing.
The signals obtained from the Schmidt trigger were of constant 
height with a width dependent upon the initial amplitudes of 
the original pulses. Thus higher initial amplitudes produced 
broader square waves.
Though this variation in width did not affect the accuracy 
of the particle counting since every pulse triggered the 
counter irrespective of the shape , the signals as such could 
not be integrated to obtain time averaged values of particle 
concentrations. To obtain a true integrated value of the 
signals over a period of time the signals should have a
I
constant width. Hence, a modified monostable multivibrator 
was included in the circuit^which, for any number of signals 
of different width, gave an equal number of signals of 
constant width. The modified signals could be easily be 
integrated and recorded on any strip chart recorder.
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V. RESULTS AND DISCUSSION
The experiments consisted of the investigation of the effects 
of three parameters-flow rate, height and radial position- on an 
air fluidized bed. The readings obtained were normalized and are 
tabulated in Appendix I, Air velocity profiles were obtained in 
the absence of particles to ascertain the uniformity of air flow 
across the column (see Appendix II). Measurements were made at 
three heights above the bed support. For each height, three flow 
rates were investigated. Readings were obtained for several radial 
positions at 9 different angles covering 120 degrees, A typical 
set of graphs,showing normalized air velocity and particle distri­
butions as functions of fractional radial positions for 0 degree 
angular position, is in Figures 5-8 and 10-13,
Figure 5 shows the effect of flow rates on air flow pattern 
near the bed support. The almost flat profiles are an indication * 
of highly turbulent air flow. Figure 5 also shows the profiles to 
be flatter at higher flow rates, which is expected. Figures 6&7 
indicate the same trends, but at higher levels, i.e., at 34" above 
bed support, the profiles slope downwards near the wall. This may\^ 
be attributed to the downward flow of particles that were spurted 
upwards at the center. Though visual observations indicated the 
general flow patterns to be up the center and down the wall, a 
more turbulent particle mixing was observed near the top than in 
other regions.
Figure 8 shows the effects of height on the air flow 
distributions at a volumetric flow rate of 3,100 c,f,s. The 
combined profiles of normalized velocity distributions as
22
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functions of fractional radial positions for all 9 angular 
positions are shown in Figure 9, The spread near the wall, 
though significant, does not indicate any definite pattern. 
One can, however, point out with the help of patterns in 
Figures 10 - 13, that hackmixing of solid and fluid is pre­
dominant in a region 1/3 to 2/3 the radial distance from the 
center,
The normalized particle distributionsas functions of 
radial positions are shown in Figures 10-13. Figure 10 shows 
a uniform particle distribution at the lowest flow rate and a 
definite wavy pattern at higher flow rates. The typical wavy 
pattern was found extensively at higher levels for all flow 
rates. Wavy patterns with maxima and minima were found to 
exist at all angular positions. Figure 14 shows the normali­
zed particle distributions at a height of 22" above bed 
support and at a flow rate of 3,1 c.f.s. for all nine angular 
positions.
The experimental results indicated the existence of three 
zones along the axis. The lower zone near the bed support was 
characterized by a uniform particle distribution. A zone of 
highly fluctuating particle distribution was found to exist 
at the top. The middle zone, forming the larger fraction of 
the fluidized bed, combined the qualities of ’both the bottom 
and top zones. These observations are consistent with the 
previous results reported by Bakker and Heertzes (5) and Grek 
and Kisel*nikov(25), In addition to this, the results showed 
wide fluctuations in particle distribution in an annular 
region at a distance from the wall corresponding to h of the
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column radius. These wide fluctuations being most predominant 
in the middle zone suggest that particles flow upwards in 
annular rings. Somewhat similar variation in the fluid velocity 
distribution was found in the same region of the fluidized bed. 
The velocity profiles were correlated with a power law 
model of the type
where V and V are the velocities of fluid at any radial 
Ë
position r and the center respectively, R is the radius of the 
fluidizing column and n is a constant.
The values of the exponential constant n for the different 
experimental conditions are given in Table I
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VI.CONCLUSIONS
Although satisfactory results were obtained and some 
interesting trends were observed, the data could neither 
be generalised nor extrapolated because of the limited nature 
of the present investigation. However the following conclusions 
based on the results obtained may be applicable to an air 
fluidizedynon bubbling aggregative bed,
1, The measurement of particle distribution along different 
radii, at three levels and flow rates, showed wide fluctuations 
in particle distribution in an annular region at a distance 
from the wall corresponding to h of the column radius. Though 
fluctuations exist along the entire column they were found to 
be predominant in the middle zone where the particle backmixing 
was maximum,
2, Fluid velocity profiles were found to be flat for the three 
flow rates at the three levels. The profiles were flatter 
where there were more particles, Axial symmetry was observed
. i
for the velocity profiles although some variations in the 
velocity were observed in the same annular region where the 
particle distribution fluctuated,
3, Application of the power law model was not Justifiable
in the case of particle distribution because of wide variations 
in the value of the exponent and low degree of confidence. The 
values for the particle distribution near the wall showed a 
higher porosity but this cannot be interpreted in an unambiguous 
manner without any debatable assumptions,
36
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4, The experimental technique, notably the probing based 
on the piezoelectric effect of a crystal, was shown to be 
simple yet dependable in the determination of point porosities 
in a gas fluidized bed. Further, the electronic circuit with 
built-in sensitivity control makes the whole experimental 
technique highly versatile in studying the internal behaviour 
of a fluidized bed.
The details of tests made to check the reliability of the 
impact probe are given in Appendix III,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
NOMENCLATURE
C Particle counts in 100 seconds,
C* Normalized particle count, C/Cg.
Cg Count at the center of the column,
Iq Incident radiation, counts per time,
I Transmitted radiation, counts per time,
1 Internal dia, of column, in inches,
n Exponential constant in the power law correlation,
r Any radial position
R Internal radius of the column, in inches,
R* Fractional radial position, r/R
V Velocity of air at r, ft/sec,
V* Normalized velocity, V/V .
V Velocity of air at the center of the column,ft/sec, 
£
k Mass absorption coefficient of the particles,
/
y  Bulk density of the bed
38
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APPENDIX I
The data obtained during the experimental investigation 
are given in a non-dimensional form in Tables 1 - 18. The 
fractional radial position R* is the ratio of r/k where r is 
any radial position and R is the radius of the column. The 
normalized velocity V* is the ratio of velocity of air at r 
to the velocity of air in the center which is Vg, Similarly 
the normalized particle count C* is the ratio of the counter 
reading over a period of 100 seconds to the counter reading 
for the same period at the center which is C ,
41
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APPENDIX II
A prerequisite for the study of the internal behaviour 
of a fluidized bed is a uniform flow of the fluidizing medium 
across the cross section in the absence of particles. Hence, 
velocity profiles of air, the fluidizing medium, were made at 
different volumetric flow rates and different angles. The use 
of deflecting baffles, a calming section and a layer of berl 
saddles below the bed support helped to attain a uniform flow 
of air at the column entrance. Fig.15 is a typical example of 
the many air velocity profiles obtained in the empty column. 
These measurements of velocity profiles helped not only to 
establish the uniformity of air flow across the cross section 
of the column but also to check and calibrate the venturi 
insert which was used to measure the volumetric flow rate. 
Thus any measurable flow behaviour of air or particles in the 
presence of the other can be successfully attributed to the 
inherent flow behaviour of the fluidized bed.
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APPENDIX III
A variety of techniques have been developed to investigate 
the interior of a fluidized bed. Any device for such measure­
ments must not disturb the true nature of the bed and should 
be compact, versatile, convenient, rapid and labor-saving (16),
In addition to all of these qualities the probe should also be 
reliable. A capacitance probe, except for its relatively large 
size, is the closest to the ideal probing device. The reliability 
is doubtful also. The capacitance induced in a capacitor is not 
only proportional to the number of particles between the plates 
but also depends on the manner in which the particles are 
oriented.
The probe used in the present investigation was compact, 
versatile, convenient, rapid and labor-saving. It was tested 
for its reliability in order to ascertain its applicability 
to the investigation of the internal behaviour of the bed,
A dual element ceramic crystal taken from a stereo cartridge 
was used in the construction of the probe. It had a frequency 
response up to 20,000 cycles per second. The output of the probe 
was only 15-50 millivolts depending upon the angle of incidence 
of the particles. The output signal from the probe was ampliffed 
by a two stage amplifier. The numerical gains of the two stages 
of the amplifier were 15 and 400 respectively. The output from 
the second stage was fed to a Schmidt trigger which converted 
the signals from random shapes into square waves of constant 
height. The output signals from the Schmidt trigger were always 
4.5 volts, peak to peak, irrespective of the amplitude of the
62
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input signal, A ten turn potentiometer enabled the sensitivity 
to be adjusted to conform to the size and density of the particles. 
The impact probe was attached to the tip of a stainless steel 
tube bent in the form of a pitot tube. The compliance of the 
probe was approximately 1 x lO""® cm/dyne. This dampened the 
oscillations and hence minimized the secondary or random pulse 
count, A compromise was made between maximum sensitivity(higher 
compliance) and low sensitivity(less noise). Optimum compliance 
was selected after several trials.
The impact probe was tested for its reliability both inside 
and outside the fluidizing column. The probe was connected to 
the specially designed electronic circuit and particles were 
allowed to drop on the probe from a funnel. The impact caused 
by the contact produced an electric signal. The amplitude of 
the signal, before it was fed to the Schmidt trigger, was obser­
ved on an oscilloscope. The amplitude varied depending upon the 
orientation of the probe. The counter, however, registered the 
actual number of contacts made by the particles. The particles 
were dropped from different heights above the probe and the 
count registered by the counter was accurate. Glass particles 
of 3mm and 5mm dia, were used to test the probe. One particle 
always gave one count when tested with Ottawa sand(l mm dia,)
The probe was tested again after it was mounted in the traverse 
and assembled in the test section. The testing was done by 
increasing the air flow rate so that only a limited number of 
particles made contact with the probe, A comparison of the 
actual contacts agreed with the value recorded by the counter.
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The sensitivity was adjusted to give accurate readings. At the 
highest air flow rate used in the present investigation it was 
found that the probe as well as the stem supporting the probe 
were sensitive to the contacts which triggered the counter* The 
stem could be made ineffective by decreasing the sensitivity 
at the cost of reduced sensitivity of the probe itself. However, 
a soft thin rubber tubing slipped over the stem cushioned the 
impacts sufficiently to render the stem completely ineffective 
without sacrificing the sensitivity of the probe.
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